I. INTRODUCTION
TheLHC energy ofnominally333 MJperring (2.97-1014pro-tons at 7.0 TeV), extremely concentrated in a small region around the beam axis, gives rise to severe thermal and mechanical constraints on the construction of the beam dump, which will be installed at a distance of about 750 m from the ejection point. Several beam diluting procedures exist and have already been discussed [I] . Each of them applied alone is either not sufficient to keep the maximum temperature rise in the graphite below a tolerable level-or kicker magnet performance or the tunnel length are forced to extreme levels.
Absorption of the beam energy is the process mainly contributed to by low-energy charged components (mostly electrons and positrons) of the cascades induced by primary protons in the dump. Thus a magnetic field applied over a front part of the core could serve to spread a part of the deposited energy out of the critical concentration region. This study aims to answer what field strengths would be required to obtain a sufficient cascade dilution, and if those fields can be provided by any magnet that is realistic for design and installation in the dump area.
EFFECT OF MAGNETIC FIELD ON ABSORBED ENERGY AND TEMPERATURE DISTRIBUTIONS
A. Simulations of particle cascades Table I . The most suitable material for the construction of the upstream part of the dump core is a graphite, assumed here to be pure 12C of density 1.75 g~m -~. Secondary cascades were simulated only in the central part of the dump of dimensions l o x 10x300 cm3; preliminary results have shown that this depth includes the longitudi- Table I Nominal beam parameters assumed for the simulations.
nal maxima of deposited energy density (with or without a magnetic field), and that the energy densities (and the corresponding instantaneous temperature rises) decrease by at least two orders of magnitude for radial positions 5 cm from the beam axis.
The interactions and propagation of charged components of the cascades (protons, charged pions, muons and electrons) were followed down to the kinetic energy threshold of 1 MeV, of photons down to 100 keV, and of neutrons down to a thermal energy range. Particles slowed down or produced with energies below these thresholds are assumed to deposit their energy locally (in a range which is negligible compared to the scoring mesh size). Energy lost by charged particles in ionization processes was converted to emitted b-rays (low energy electrons), and thus further distributed around ionizing particle tracks. None of the biasing or importance sampling methods available in FLUKA were used.
The homogeneous uni-directional magnetic field perpendicular to the beam axis (the direction of field is called "vertical", since the induction B was taken parallel to the vertical beam plane) was present over the whole length of the system (3 m), with field strengths of 0.5, 1,2 and 5 T. The results without field were also obtained for reference, for the same beam (see Table I ) and for the beam that vertical profile was linearly swept over distance f 5 cm. Samples of primary histories that were completed for fixed run times of the simulation program (20 000 native seconds of the SP2 system at CERN) for each field case are given in the the second column of Table 11 .
The density of the deposited energy was determined as a function of horizontal and vertical position and of longitudinal depth, in twocartesianbinstructures, i.e.,: afinemeshof0.1~0.1 mm2 lateral size (up to 5 mm from the beam axis), and a coarse mesh of 1 x 1 mm2 lateral size; both with longitudinal bins 10 cm in depth.
B. Spatial distributions of deposited energy
Maximum energy densities, maximum laterally integrated energies and total energies deposited per one proton of the LHC beam, in the lox lox 300 cm3 graphite block in an uniformmagnetic fields of various strengths, are given in Table 11 . The maximum densities given in the third column of the table, are those 0-7803-3053-6/96/$5 .OO O1996 IEEE 
C. Maximum temperatures after absorption of the beam
The amount of beam energy that is deposited in the core is further dissipated in the dump in the form of heat. In order to determine maximum temperature rises that can be expected in the graphite after absorption of the spill, the energy deposition results from particle cascade simulations were coupled to a transient heat transfer analysis, performed by means of the ANSYS finite element program [4] . The system geometry and loads being symmetrical, only one quarter of the core was considered, up to 5 cm radius off beam axis. This three-dimensional quadrant 
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Figure 2. Lateral distributionsof energy density at depths of longitudinal maxima, for various field strengths. Table I1 Total energies deposited in the core, maximum laterally integrated energies, maximum energy densities and maximum temperature rises for various field strengths. was meshed with quadrilateral brick elements, by using uniform divisions in the azimuthal angle (A#=lso), radial bins increasing logarithmically from Ar=0.5 mm, and the same longitudinal bins as in the Monte Carlo calculations (Az=lO cm). As this mesh is more efficient in covering spatial regions of concentrated importance than the Cartesian bins available in FLUKA, much less elements (3600 in total) were required. However, a special interface algorithm had to be written, transferring the Monte Carlo scoring output to the thermal load input of ANSYS.
These loads were the internal heat generation rates (in J/(cm3.s)), obtained by multiplying the energy density (in J/cm3 per primary) interpolated for each node by the number of protons in spill, and dividing them by the spill absorption time in seconds (see Table I ). These heat generation rates were assumed to be constant in time during the absorption period, which is long when compared with the time scale of the cascade development, but short when compared to characteristic times of heat propaga-tion. Thus heat flow outside of the core (to extemal parts of the dump, a cooling system, etc.) could be neglected for the absorption period, and the external boundaries of the considered system could then be assumed to be adiabatic. Moreover, the thermal properties of graphite, taken from Ref.
[5], change considerably with temperature; in particular the specific heat varies from about 660 to 2500 J/(kg.') between room temperature and few thousands degrees. Thus ANSYS procedures for the nonlinear solutions had to be involved. It should be noted that physical properties can also vary between different graphites, and under irradiation conditions.
The maximum temperatures at the end of a spill, obtained for each field strength, are given in the last column of Table 11 . The three-dimensional temperature distributions are shown in the form of color contours in the poster session of this conference.
PROBLEMS TO BE SOLVED BY DESIGNING A SUITABLE MAGNET
The major difficulty is the building of a suitable magnet with the necessary high dipole field over a 70 cm wide gap and within a volume of about 1.5 m3, even if the precision of the field is not a critical parameter. By far the most elegant solution, requiring neither power supply, nor water cooling or cryogenics in an area which is radioactive and distant from any central infrastructure, would be a permanent box-or ring-magnet [6] which, because of the very strong magnetic forces (several tons/m) between the different blocks, would be built of short modules which would need to be preassembled. However, the maximum fields which can be obtained with a "reasonable" design -about 0.3 T with relatively cheap ferrite, or 1 T when using the more expensive rare earth -cobalt material -are by far insufficient to reduce the energy deposition by an order of magnitude. In order to achieve higher fields, the volume of the permanent magnet material would have to grow out of any proportion. The solution of a classical window-frame electro-magnet cannot be envisaged since the maximum achievable field of 2 T only brings about one third of the desired effect. The stored magnetic energy in such a magnet would be in the order of 1 MJ/m when excited with a total current of about 1.2.106 Ampere-turns. The dissipated power in the aluminum coil, which needs to be cast in concrete, would exceed 1 MW unless being cooled with liquid nitrogen. The only possible magnet able to produce the required magnetic field of 5 T would be a superconducting magnet which provides a stored magnetic energy of about 5 MJ/m and which possibly would quench at every discharge of the LHC-beam. The coil of the magnet would have to be fully stabilized in order to absorb the total energy and the helium be contained in a closed circuit.
IV. CONCLUSIONS
This study of the utility of an uniform magnetic field for the 0 The maximum energy densities and temperatures are reduced approximately linearly with field strength, up to about factor of 7 for a 5 T field. The effect obtained for the maximum field is comparable with the dilution of energy density obtained with a linear sweep of f 5 cm.
LHC beam dump system can be summarized:
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In presence of the magnetic field, spatial profiles of deposited energy are longitudinally flattened and laterally spread out from the central region; thus smaller fractions of the total energy are deposited in the central part of the dump system, critical for the concentration of the absorbed energy and consequent temperature rise; It was not possible to obtain a reduction of the maximum energy density by one order of magnitude, or to keep the maximum temperatures in graphite below 25OO0C, using the field strengths provided by the most favorable permanent magnets; other magnet designs would be even less realistic. A satisfactory solution might be achieved be combining magnetic dilution of the cascades with a linear sweep in the perpendicular direction.
